A biotrickling filter was focused on treatment of odorous NH 3 gas, along with volatile organic compounds (VOCs) and other odorous gases during cattle manure composting. The biotrickling filter could treat NH 3 , the main composition, with removal efficiencies of close to 100% because NH 4 þ was bio-oxidized in the biofilm to NO 3 À resulting final NO 3 À concentrations of about 1000 mg/L. Results of polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) revealed that ammonia-oxidizing bacteria, Nitrosospira sp, and nitrite-oxidizing bacteria, Nitrococcus mobilis, coexisted in the biofilm. There were 23 kinds of VOCs detected in the exhaust gas. A significant observation was that the biofilm itself of the biotrickling biofilter released VOCs. The odor concentrations of inlet and outlet gases were 1425 and 110, respectively, with removal efficiency of 92.2%, suggesting that the biotrickling filter was effective for treatment of odorous gases during composting.
INTRODUCTION
Composting facilities have many odor sources, such as the receiving and handling of materials, active composting, storage piles, etc (Park et al. 2001) . A number of malodorous and hazardous gases are emitted from composting processes, including N-compounds, S-compounds, and volatile organic compounds (VOCs). NH 3 gas is one of the principal malodorous compounds produced in the composting. Other gaseous pollutants emitted in composting facilities are VOCs but there have been few studies on them (Pagans et al. 2007; Biasioli et al. 2009 ). At biowaste composting facilities, odor concentrations are usually in the range of several thousand to several ten thousand OU/m 3 , but it can be as high as 100,000 OU/m 3 or more (Schlegelmilch et al. 2005) .
Biofilters, rather than biotrickling filters, are popular in the abatement of NH 3 emitted during composting. Pagans et al. (2005) obtained a global NH 3 gas removal efficiency (RE) of 95.9% in a mature compost biofilter for a loading rate range of 846-67,100 mg NH 3 /(m 3 biofilter Á h). On the other hand, biotrickling filters are usually more effective than biofilters because the trickling liquid enables better control of the operating conditions and because they rely on growing organisms, rather than on resting organisms, as in the case of biofilters (Cox et al. 2001) .
Biotrickling filters offer an economical solution for the treatment of VOCs with the elimination capacities up to nearly 150 g/(m 3 Á h) for easily biodegradable and hydrophilic VOCs (Iranpour et al. 2005) . Sempere et al. (2008) treated a mixture of three VOCs, ethanol, ethyl acetate, and methylethyl ketone (MEK) with outlet emission concentrations lower than 100 mg C/m 3 for inlet loads up to 100 g C/ (m 3 Á h). Presently, the studies on biotrickling filters generally focused on a single VOC or mixtures of several VOCs. However, most of the industrial emissions would be mixtures of VOCs with different biodegradation rates (Rene et al. 2005) .
At present, there are two reports on biotrickling filters that were employed to treat odorous gases emitted from composting exhaust gas. Smits et al. (1995) investigated NH 3 and odor removal from composting facility waste gas by a biotrickling filter with odor removal efficiency of 50% for odor loads as high as 5 OU/(m 3 Á s). Pei et al. (2008) obtained total VOCs and odor unit removal efficiency all of above 70% with the maximum elimination capacity of total VOCs of 130 g/(m 3 Á h). However, the authors did not explain why the chemical oxygen demand (COD) and ammonia in the trickling liquid were steady and did not appear to accumulate.
The polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) method has been successfully used to compare microbial communities in different environment, but has little been applied in biotrickling filters. It is necessary to use this method to study microbial ecology in biotrickling filters.
The study of biotrickling filters leads to some interesting questions: (1) Could a nitrification in biotrickling filters be achieved? (2) How is a high NH 3 and odor removal efficiency maintained in such a system? (3) How is the nitrification reaction verified by means of molecular biology, such as PCR-DGGE combined with sequential DNA sequencing and phylogenetic tree construction to detect the variety of bacterial community in the biotrickling filter? (4) What are the components and removal efficiency of VOCs from composting exhaust gases?
This research aims to solve these questions. Results from this study will provide designers and operators with biotrickling filters intended for the treatment of NH 3 , VOCs, and odor from composting exhaust gases.
MATERIALS AND METHODS

Experimental setup
A schematic diagram of the experimental setup is demonstrated in Figure 1 . The volume of the composting reactor was 40 L. The main composting material was cattle manure with moisture content of 44%B59% and organic matter of 36%B49%. The auxiliary materials were sawdust, urea, and rock phosphate which were added to regulate C/N ratio of about 30:1. When air was introduced at the bottom of the reactor, it travelled upward through the composting material in the reactor and exited at the top of the reactor. Subsequently, air entered the biotrickling filter from the bottom, travelled upward through the packing, and exited outdoor through the air exhaust.
The biotrickling filter had a bed height of 0.98 m, internal diameter of 0.14 m. It consisted of three individual segments bolted together. There was a perforated plexiglass plate, on the bottom of each segment, which served as both gas and liquid re-distributor. Packing material was supported on the plexiglass plates. The diameters of packing materials were 30B40 mm, with shapes of spheroid or ellipsoid, specific superficial area of 3000 m 2 /m 3 , void ratio of 96%, and density of 1380 kg/m 3 . Trickling liquid of 7.0 L in the holding tank was fed by a pump to the top of the biotrickling filter, and trickled to the packing through the liquid distributor. It provided moisture and nutrients for microbial growth on the biofilm.
Experiment design
Activated sludge from the Qinghe Wastewater Treatment Plant in Beijing, China, was used to form biofilm on the packing, which was similar to biofilm for wastewater treatment. Nitrifying bacteria were screened from a cattle manure solution. After the biofilm culture, 500 mL of cultured strains of nitrifying bacteria, including both autotrophic ammoniaoxidizing bacteria (AOB) and autotrophic nitrite-oxidizing bacteria (NOB), were added into the trickling liquid in the holding tank (Xue et al. 2010) . The mature composting product was taken out of the composting bioreactor at the end of a composting period and new composting materials were added to begin another composting period.
Gas sampling and analysis
Sampling ports were set at the top of the composting bioreactor and the biotrickling filter. Gas samples were collected from the (14) holding tank for trickling liquid.
inlet and outlet streams with a gas sampler (model QS-1S, Beijing Municipal Institute of Labor Protection, China).
Analysis methods
Ammonia-nitrogen (NH 4 þ þ NH 3 ) in the gas-absorption liquid were analyzed by the salicylic acid-hypochlorite spectrophotometric method (Chinese standard method, 1987, GB/T7481-87), Nitrite-nitrogen (NO 2 À -N) in the trickling liquid by the N-(1-Naphthyl) ethylene diamine dihydrochloride spectrophotometric method (Chinese standard method, 1987, GB/T 7493-87), Nitrate-nitrogen (NO 3 À -N) by the ultra- PCR amplification was carried out in 50 mL volumes containing 12.5 pmol of each primer, 200 mmol/L of each dNTP, 2.5 mL of 10 Â PCR buffer, 0.5 U of Ex Taq DNA polymerase (TaKaRa, Dalian, China), and 100 ng of the DNA extract. The solution was added with sterile water up to a volume of 50 mL. PCR was performed with primer pairs BSF338, 5 0 -ACTCCTACGGGAGGCAGCAG-3 0 ; primer BSR534, 5 0 -ATTACCGCGGCTGCTGG-3 0 ; primer 338FGC, 5 0 -CGCCCGCCGCGC CCCGCGCCCGTCCCGCCGCCCCC GCCCGACTCCTACGGGAGGCAGCAG-3 0 . The samples were amplified in a Perkin-Elmer Applied Biosystems (Foster City, CA).
PCR products were separated using the DCode TM Universal Mutation Detection System (Bio-Rad, USA). Prominent DGGE bands were selected and excised.
The reamplified products were purified by a Gel Recovery Purification Kit (Watson Biotechnologies Inc., Shanghai, China) and cloned by the pMD19-T plasmid vector system (TaKaRa, Dalian, China) according to the manufacturer's instructions. The cloned PCR fragments were sequenced by Bioasia Biological Technology Service (Shanghai, China) using an ABI PRISM 377XL DNA sequencer.
RESULTS AND DISCUSSION
In order to assure experimental reliability, three composting periods were carried out for 54 days. At the beginning of the second and third composting period, the trickling liquid of last composting period was replaced with tap water to serve as new trickling liquid. The inlet NH 3 concentration, nitrate and nitrification efficiency are demonstrated as their averages and standard deviations.
Effective treatment of NH 3 during composting (A) and speciation changes of nitrogen element in the trickling liquid (B)
Pollutant removal in biotrickling filter occurs in two steps. First, pollutant is transferred from the gas phase to the liquid phase or biofilm, i.e. adsorption or absorption; then it may be biodegraded by the corresponding microorganisms. The balanced relationship among gaseous NH 3 , NH 3 Á H 2 O (free ammonia, FA) and NH 4 þ in the aqueous solution is shown in Equation (2).
When NH 4 þ is biooxidized, the balance shifts to the right and the FA concentration is reduced. Consequently, the vapor pressure of FA is also reduced. When the partial pressure of inlet NH 3 gas is higher than the vapor pressure of FA, NH 3 gas dissolves into the aqueous solution. As such, NH 3 gas was eliminated from the exhaust gases. As shown in Figure 2 (A), temperatures of the composting pile were kept between 50B551C for 6 days to kill the pathogens. NH 3 was already released from the beginning with a maximum concentration of more than 350 mg/m 3 on average. In our previous experiment, FA could accumulate without the biooxidation of NH 4 þ , and NH 3 gas could not be effectively transferred into the trickling liquid. Sometimes, the outlet NH 3 concentrations were even higher than the inlet NH 3 concentrations.
The profiles of the water quality of the trickling liquid are shown in Figure 2(B) . Ammonia in the trickling liquid, consisting of NH 3 Á H 2 O and NH 4 þ , came from waste NH 3 gas. NH 4 þ was oxidized by AOB to NO 2 À , and then NO 2 À was oxidized by NOB to NO 3 À . Upon obtaining ammonia concentration, pH, and temperature, the concentrations of FA and free nitrous acid (HNO 2 , FNA) can be calculated. In this study, due to the low concentrations of ammonia and NO 2 À , FA and FNA were all close to 0. Accordingly, the activities of AOB and NOB were not inhibited and the vapor pressure of FA was close to 0. Under normal conditions, the reaction of ammonia oxidation to nitrite is a velocity-limiting step while nitrite is rapidly oxidized to nitrate, so that nitrite is rarely accumulated in nitrifying reactors (Peng & Zhu 2006) . During days 6-10, NO 3 À concentrations dramatically increased from 150 mg/L to 963 mg/L on average with higher inlet NH 3 concentrations. During days 11-16, NO 3 À concentrations slightly increased, undulating from 1070 to 1176 mg/L on average, because the inlet NH 3 concentration was low. Nitrification efficiency approached 100%. NH 3 was removed from air stream because NH 4 þ was nitrified in the biofilm.
Therefore, ammonia, nitrite, and nitrate in the trickling liquid reflect the extent of nitrification reaction in the biofilm. The trickling liquid played a significant role in the biotrickling filter as the medium between waste gas and the biofilm.
Molecular biology analysis on biological nitrification
There are many reports on employment of PCR-DGGE to analyze the bacterial community in biofilters rather than biotrickling filters. The bacterial community in biotrickling filters may differ from that in biofilters due to the presentation of trickling liquid so that the validity of this method for studying microbial ecology in biotrickling filters requires further investigation. The diversity and spatial distribution of bacteria in biotrickling filters are important research directions (Maestre et al. 2009 ). During the nitrification process in water treatment, ammonia is first oxidized to nitrite (NO 2 À ) by AOB, including Nitrosomonas, Nitrosococcus, Nitrosospira, Nitrosolobus, and Nitrosovibrio, and then nitrite is oxidized to nitrate (NO 3 À ) by NOB, including
Nitrobacter, Nitrospina, Nitrococcus, and Nitrospira.
The DGGE profile of 16S rDNA, demonstrating the diversity of members in the bacterial community in the filter, is shown in Figure 3 .
Twelve prominent DGGE bands were excised and sequenced. Sequence analyses indicated that each band included a unique 16S rDNA sequence. Overall, 12 sequences were Numbers represent bands that were excised and sequenced.
recovered from the DGGE bands. These sequences were aligned with the closest matches found in the GenBank Database with the CLUSTALW function of the BioEdit package. Neighbor-joining phylogenetic trees were constructed with the Molecular Evolutionary Genetics Analysis package (MEGA 4.0) (Figure 4 ). AOB and NOB were found to coexist in the biotrickling filter. For instance, clone 5 was affiliated with AOB, Nitrosospira sp, whereas clone 10 was closely related to NOB, Nitrococcus mobilis. It is known that AOB consists of two monophyletic groups based on comparison of 16S rDNA sequences in pure cultured strains. One group belongs to the g-subdivision of the class Proteobacteria, with Nitrosococus oceani and Nitrosococus halophilus as the only known species. The other group belongs to the b-subdivision of the class Proteobacteria and includes two genera: Nitrosomonas and Nitrosospira (the latter now encompasses the genera Nitrosolobus and Nitrosovibrio) (Purkhold et al. 2000) . Nitrosomonas europaea is perhaps the most easily isolated and cultured AOB, but several culture-based studies have indicated that Nitrosospira sp. is common in terrestrial habitats (Kowalchuk & Stephen 2001) .
In terms of their physiological properties on ammonium affinity, members of Nitrosospira sp. and/or Nitrosomonas oligotropha are the prevailing AOB in the environment with low ammonium, whereas Nitrosomonas europaea is dominant in the environment that is rich in ammonium (Koops & Pommerening-Rö ser 2001) . NH 4 þ in this study was close to 0, and only Nitrosospira species, rather than Nitrosomonas, were detected in the biotrickling filter, which is in agreement with some other studies suggesting the dominance of Nitrosospira sp. in biofilters (Yin & Xu 2009) . The findings in this study indicated that PCR-DGGE could be used to detect microbial community in a biotrickling filter as a powerful method.
Removal of VOCs and odor concentration from composting exhaust gas
As shown in Table 1 , there were 23 kinds of VOCs detected in exhaust gas of cattle manure composting. 2,2-dimethyloctane, decahydro-naphthalene, and 1-ethyl-3-methyl-benzene were completely removed. Nevertheless, the acetone's outlet peak area was larger than the inlet one. Furthermore, 1-(ethenyloxy)-3-methyl-butane did not exist in the inlet gas but in the outlet gas, which indicated that the metabolites of microorganisms in the biofilm produced new organic compounds. Therefore, it might be assumed that biological process can not fully eliminate the organic compounds. Because principle of biological VOCs treatment is that microorganisms degrade the VOCs to harmless products such as carbon dioxide (CO 2 ), biomass and water (Studer & von Rohr 2008) , this finding should be a significant concern for researchers and designers of biological process for treatment of VOCs. The similar case, some VOCs being produced as by-products of microbial oxidation, was found in biofilters (Nicolai & Janni 2001) .
In addition, removal efficiency of the other VOCs was 35.3% on average calculated from the sum of peak areas. Removal efficiencies up to 97% in a compost biofilter to treat VOCs from composting were achieved (Pagans et al. 2006) . Overall, biological processes are promising technologies for abatement of VOCs and NH 3 from composting.
The odor concentrations of inlet and outlet gases were 1425 and 110, respectively, with removal efficiency of 92.2%, suggesting that the biotrickling filter was suitable for treatment of odorous gases during composting. 
